Introduction {#s1}
============

Apart from the 'core' deficits central to a diagnosis of autism, such as abnormal social interaction, communication and presence of repetitive behaviors, individuals with autism spectrum disorders (ASD) frequently demonstrate a range of sensory abnormalities. Sensory difficulties are observed in both high- and low-functioning ASD individuals and are prominent from the first years of life [@pone.0039906-BenSasson1], through childhood [@pone.0039906-Leekam1], [@pone.0039906-Liss1], and during adulthood [@pone.0039906-Crane1], [@pone.0039906-Harrison1]. They cover different sensory domains and may manifest as both hyper- and hyposensitivity to stimulation.

In many cases sensory abnormalities are especially noticeable in the auditory domain. Parents of ASD children may suspect hearing impairment or hearing loss in their children during the first two years of life, because of their striking unresponsiveness to sound [@pone.0039906-Dahlgren1]. On the other hand, hypersensitivity to sound or hyperacusis is also a very common problem in ASD and may even require therapeutic intervention [@pone.0039906-Stiegler1]. Van England et al. [@pone.0039906-vanEngeland1] investigated electrodermal responses to auditory stimuli in children with autism and found that many of these children lacked autonomic responses to the first acoustic event in a series, but once responding they demonstrated high amplitude electrodermal responses. Ben-Sasson and colleagues [@pone.0039906-BenSasson1] reported remarkably frequent co-occurrence of auditory hyper- and hypo-sensitivity symptoms in children with ASD and suggested that both of these problems may be explained by a common mechanism, such as a dysfunctional arousal system that compromises the ability to regulate an optimal response [@pone.0039906-BenSasson1]. In spite of multiple evidence for the presence of auditory sensory modulation difficulties in ASD individuals, their neurofunctional correlates have not yet been investigated.

Electro- and Magnetoencephalography (EEG and MEG) methods have good time resolution, allowing investigation of auditory processing stages affected in autism. Using EEG we have recently found a reduction of the temporal N1c (also called Tb) component of the auditory event-related potential (ERP) in 4--8 year-old children with autism [@pone.0039906-Orekhova1]. The N1c reduction was observed in response to auditory clicks presented after long silent intervals (first click in a pair) and was limited to the right hemisphere (RH). The typically developing children demonstrated predominantly rightward stimulus-locked EEG phase synchronization in the N1c time range, while the opposite leftward predominance was observed in children with autism. We suggested that the N1c group differences might reflect abnormalities in initial orienting/arousal in autism. The networks for alerting, attention-orienting and rapid detection of stimuli are normally rightward lateralized in the brain [@pone.0039906-Corbetta1]--[@pone.0039906-Sturm1]. We proposed, therefore, that the decreased N1c response in the RH might reflect aberrant functioning of these circuits in children with autism. We did not investigate, however, whether these EEG findings were related to the presence of sensory abnormalities or severity of autism. Furthermore, the limited EEG electrode array in our previous study precluded source analysis of the observed effects.

In the present study we used MEG to investigate brain sources of these abnormal responses to clicks in ASD children, and look for correlation of these abnormalities with sensory processing difficulties.

The primary and secondary auditory areas at the superior and lateral temporal surfaces (core, belt, and parabelt) are the major sources of the obligatory auditory cortical responses [@pone.0039906-Brugge1], [@pone.0039906-Howard1]. Although MEG is largely insensitive to radial sources at the lateral temporal regions generating N1c/Tb [@pone.0039906-Ponton1], it is sensitive to the tangential sources that make a major contribution to the N100m and P100m components of auditory magnetic field response in children [@pone.0039906-Cardy1]--[@pone.0039906-Ruhnau1].

The P100m component at around 100 ms after stimulation is the most prominent component of the auditory evoked magnetic field response in children, whereas the child N100m is of lower amplitude than in adults [@pone.0039906-Cardy1]. The P100m amplitude decreases and the N100m amplitude increases during child development [@pone.0039906-Cardy1], [@pone.0039906-Kotecha1]. Similar age-related effects have been described using EEG. Specifically, amplitude of the positive P100 ERP component decreases and the amplitude of negative N100 (N1b) ERP component increases at midline electrodes between approximately 8 to 16 years of age [@pone.0039906-Ponton1], [@pone.0039906-Sussman1]. It has been proposed that these age dynamics reflect cortical maturation processes that take place on a layer-by-layer basis in the cerebral cortex. The large 'positive' P100(m) peak observed in younger children might represent recurrent activation of layers III and IV, while the generation of N100(m) might be dominated by activation of layers upper III and II [@pone.0039906-Eggermont1]--[@pone.0039906-Moore1]. Maturation of axons in layer IV and deeper part of layer III is already finished by 6th year of life, while maturation of cortico-cortical axons in the upper layers II and III occurs between 6--12 years [@pone.0039906-Moore1], [@pone.0039906-Moore2]. Thus, the P100(m) in school-age children may more closely reflect mature thalamic input to layers III--IV, while gradually increasing N100(m) to a greater extent reflects maturation of cortico-cortical connections. Considering different origin of the P100(m) and N100(m), their abnormalities may reflect different dysfunctions associated with neuro-developmental disorders.

In this study we focused on the P100m component of the magnetic field response. *First*, this component can be reliably identified in the majority of children because of its high amplitude [@pone.0039906-Cardy1]. *Second*, similarly to the P50 (P1) component in adults [@pone.0039906-Buchwald1], [@pone.0039906-Buchwald2] the child P100m may be modulated by the reticular activation system (RAS) and may reflect arousal regulation abnormalities and related sensory modulation difficulties in ASD.

To record auditory magnetic fields we used a 'paired click' paradigm similar to that used in our previous study [@pone.0039906-Orekhova1]. We have previously suggested that processing of temporally novel auditory stimuli might be impaired in autism [@pone.0039906-Orekhova1]. We expected, therefore, to find greater between-group differences in response to the first click in a pair, presented after a long silent interval.

To assess sensory abnormalities we used two psychometric instruments. *First*, we applied Short Sensory Profile (SSP) questionnaire [@pone.0039906-Dunn1], which has previously been shown to reliably separate between ASD children and typically developing or developmentally delayed children without autism [@pone.0039906-Rogers1]--[@pone.0039906-Wiggins1]. The total SSP score was used in order to assess in children sensory modulation difficulties across different domains.

Putative auditory magnetic field abnormalities in ASD children might to a great extent reflect atypical auditory behavior, rather than general sensory modulation difficulties. Unlike e.g. tactile problems, the auditory processing difficulties in autism decrease with age [@pone.0039906-Kern1] and are most evident in early life. Therefore, as a *second* step, we applied the questionnaire by Dahlgren and Gillberg (1989) that among other items contained questions concerning presence of auditory sensory modulation problems during the first two years of life. We speculated that children who had severe auditory modulation abnormalities during infancy and toddlerhood might have more disrupted magnetic field responses to clicks even if behavioral symptoms had diminished with age.

Materials and Methods {#s2}
=====================

Participants {#s2a}
------------

Fourteen children diagnosed with autism spectrum disorder (one girl) and fifteen age-matched typically developing control children (two girls) participated in the study. None of these children participated in our previous EEG study of auditory processing in autism [@pone.0039906-Orekhova1]. One ASD child was ambidextrous and one control child was left-handed. The rest were right-handed according to the parent questionnaire that included eighteen questions about child\'s hand preference during everyday activities. All children were free from medication with neuro-active drugs for at least 1 month before the investigation. Their hearing was normal according to available medical records. IQ in all participants was assessed with Kaufman Assessment Battery for Children (KABC-II). The diagnosis of ASD (autism in 6 children, Asperger\'s disorder in 6 children, and Pervasive Developmental Disorder (PDD) -- Not Otherwise Specified in 2 children) was based on DSM-IV-TR criteria and was made by an experienced clinician (V.V.G.). Parents of all children were also presented with Russian translation version of the Social Communication Questionnaire (SCQ-*Lifetime*, [@pone.0039906-Berument1]. In addition, parents of all ASD and 14 of 15 typically developing children filled in the Autism spectrum Quotient (AQ) for children [@pone.0039906-Auyeung1]. All but one child (S\#7) in the ASD group scored above SCQ cut-off for pervasive developmental disorders. All but one child (S\#9) in the ASD group also scored above AQ cut-off for the ASD. Taking into account approximately 95% sensitivity of AQ and SCQ questionnaires for diagnosis of ASD/PDD, such result would be expected to happen by chance. Therefore, subjects who scored below AQ/SCQ cut-offs have not been excluded. All typically developing children scored below AQ and SCQ cut-offs. Information on participant\'s age and IQ, AQ and SCQ scores is summarized in [table 1](#pone-0039906-t001){ref-type="table"}.

10.1371/journal.pone.0039906.t001

###### Demographic information.

![](pone.0039906.t001){#pone-0039906-t001-1}

                     ASD mean (SD), *N = 14*         Control mean (SD), *N = 15*
  ----------------- ------------------------- ------------------------------------------
  Age (months)              127 (27)                           128 (19)
  Sequential IQ              91 (19)                           111 (12)
  Simultaneous IQ            98 (17)                           122 (14)
  General IQ                 92 (18)                           120 (14)
  Child AQ                   87 (26)           60 (10)[\*](#nt101){ref-type="table-fn"}
  SCQ-*Lifetime*            24.2 (6)                          7.1 (2.8)

AQ was available in 14 of 15 control subjects.

Presence of sensory abnormalities in all subjects was tested using Russian translation of the SSP. The parents also filled in the questionnaire concerning autism-related symptoms during the first two years of life [@pone.0039906-Dahlgren1] and assessed severity of each symptom on a 10-point scale. Among 130 questions this questionnaire contained six questions about presence of auditory sensory modulation difficulties.

The study was approved by the local ethics committee of the Moscow University of Psychology and Education and was conducted following the ethical principles regarding human experimentation (Helsinki Declaration). A written informed consent was obtained from a parent/guardian of each child.

Experimental paradigm {#s2b}
---------------------

Stimuli were 4 ms white noise clicks presented in pairs (S1, S2), with 1000 ms intervals within the pair (S1 to S2) and randomly varying 8--11 sec intervals between the pairs (S1 to S1). The stimuli were presented with equal probability to the right ear (R), left ear (L), or binaurally (B). The side of presentation (B, R or L) was always the same within a S1--S2 pair. In total, 102 pairs of clicks of each type were presented during six blocks, each lasting for approximately 7 minutes. Stimuli were delivered via plastic ear tubes inserted in the ear channels. The tubes were fixated to the MEG helmet in order to minimize possible noise resulting from their contact with the subject\'s clothing.

In 9 children the sounds were presented at 80 dB over the hearing threshold, defined separately for left and right ears using monaural clicks. In remaining children, we used the SPL level corresponding to 80 dB over the hearing threshold previously defined for 20 healthy adults (95 dB SPL for both ears). The mean SPL level did not differ between ASD and typically developing children. During the experiment, participants watched a silent video of their choice and were instructed to ignore the auditory stimulation.

MEG recording and pre-processing {#s2c}
--------------------------------

MEG was recorded in a sitting position in a neuromagnetically-shielded room using a 306-channel MEG (Vectorview, Elekta-Neuromag) comprising 204 orthogonal planar gradiometers and 102 magnetometers in 102 locations above the participant\'s head. The temporal signal space separation (tSSS) and movement compensation (movecomp) options implemented by MaxFilter (Elekta-Neuromag) were used to suppress interference signals generated outside the brain, as well as to compensate for head movements. The data were converted to standard head position (x = *0* *mm; y = 0* *mm; z = 45* *mm*).

The magnetic fields were recorded at 1000 Hz and were filtered off-line with a bandpass of 1--100 Hz. Signal periods of 2500 ms were extracted such as to include 500 ms before and 2000 ms after the S1 stimuli. The epochs were excluded if signal amplitude exceeded 2000 fT/cm for gradiometers or 12,000 fT for magnetometers in either direction. For the rest of the data, biological artefacts (cardiac fields, eye movements, myogenic activity) were corrected using independent component analysis (ICA) implemented by EEGlab software [@pone.0039906-Delorme1], separately for gradiometers and magnetometers. Prior to ICA, the data dimensionality was reduced to 64 principal components. The timecourses and spatial distributions of the ICs were visually inspected and the components describing artefacts were rejected. This typically resulted in rejection of 2--5 components for each sensor type. The artefact corrected data were filtered with a 40 Hz low-pass filter. For each stimulus type the epochs comprising −350 to 500 ms relative to stimulus onset were extracted. The average number of artefact free epochs per condition was 94.2 (68--102) in the ASD group and 97.6 (76--102) in the control group and did not significantly differ between the groups (p\>0.25 for all conditions).

Structural MRI {#s2d}
--------------

High-resolution structural T1-weighted MRIs were acquired on a 1.5T Toshiba ExcelArt Vantage scanner (TR = 12 ms, TE = 5 ms, flip angle  = 20°, 160 sagittal slices, slice thickness  = 1.0 mm, voxel size  = 1.0×1.0×1.0 mm^3^). A representation of the cortical surface was constructed from the individual structural MRIs with the FreeSurfer software [@pone.0039906-Dale1], [@pone.0039906-Fischl1]. Cortical white matter was segmented in the high resolution MRIs, and the estimated border between gray and white matter was tessellated, providing a triangular representation of the surface. The surface was also 'inflated' to unfold cortical sulci, providing a convenient viewing of cortical activation patterns [@pone.0039906-Fischl1].

Magnetoencephalography source analysis {#s2e}
--------------------------------------

Cortical sources of the MEG signals were estimated using the distributed model, the weighted minimum norm estimate [@pone.0039906-Hamalainen1] implemented by MNE software (<http://www.nmr.mgh.harvard.edu/martinos>). For each participant the boundary element model and forward model were calculated based on individual T1-weighted MRI using the FreeSurfer software package. For each hemisphere the model contained 4098 dipole elements (sources) that overlaid realistic representation of the cortical surface. The inverse operator was constructed with depth weighting [@pone.0039906-Lin1], using 'weightexp' parameter of 0.7 and 'weightlimit' parameter of 8. To allow flexibility of the model against small co-registration errors, orientations of the dipole elements were not strictly constrained to be perpendicular to the cortical surface, and a "loose orientation constraint parameter" of 0.3 was used [@pone.0039906-Lin2]. In addition to the MNE, the noise-normalized MNE, called dynamic statistical parametric map (dSPM), was also calculated [@pone.0039906-Dale2]. The dSPM converts the MNE into a statistical test variable that is essentially the signal-to noise ratio of the current estimate at each spatial location. Thus, dSPM identifies locations where the MNE amplitudes are above the noise level. To facilitate comparison between subjects, the individual MNE and dSPM cortical distributions were morphed to the 'fsaverage' template brain provided by FreeSurfer.

Regions of interest (ROIs) definition {#s2f}
-------------------------------------

To define the ROIs we used data-driven approach based on activation overlap between the subjects. For each cortical source we calculated the number of subjects demonstrating its significant activation (dSPM, p\<0.05) in response to at least one type of stimuli (S1 or S2) at some time point during 76--108 ms interval. Although in a few cases the P100m peaked after 108 ms, this time limit was used in order to decrease possible contribution of N100m activity in the P100m ROI definition. The liberal p\<0.05 threshold emphasized maximal overlap between subjects, rather than favoring a few subjects displaying greatest response amplitudes. The left and right ROI in the vicinity of the auditory cortex were created based on activation overlap between the subjects. The vertex source was included into the ROI if activation at this vertex was observed in more than 50% of either ASD or control subjects. The left and right ROIs are shown in [figure 1(A)](#pone-0039906-g001){ref-type="fig"}.

![The P100m ROIs (A) and the grand average MNE current time courses in these ROIs (B) for the 1^st^ binaural click in a pair.\
Gray bar denotes the P100m time window.](pone.0039906.g001){#pone-0039906-g001}

Assessment of P100m parameters in the ROIs {#s2g}
------------------------------------------

Some children demonstrated prominent N100m component that followed P100m and was also located in the vicinity of the auditory cortex. Direction of current in superior temporal surface ('outgoing' for P100m and 'ingoing' for N100m) clearly differentiated between these components (see Material S1). To ensure that the peak activity in the P100m ROI describes P100m rather than N100m activation, we applied the following approach. *First*, at the left and right superior temporal surfaces we defined regions characterized by outgoing 'positive' direction of current in the P100m time range (see Material S2). *Second*, the time course of the mean signed MNE values was calculated in these regions and the latency of the maximal *positive* peak (P100m) in the 76--130 ms time range was found. This latency was considered to be the P100m peak latency. In some subjects no P100m peak was observed in either right (in two ASD subjects) or left (in two control subjects) hemisphere. Therefore, we further analyzed the mean P100m amplitude in the 76--108 ms range.

Statistical analysis {#s2h}
--------------------

In this study we analyzed only binaural responses due to their higher amplitude and better signal to noise ratio. Repeated measures ANOVAs with factors Group (ASD vs. control), Stimulus Order (S1, S2) and Hemisphere were performed for the P100m components\' amplitude and latency parameters. Spearman rank order correlations are reported through the paper. Application of other statistical test is described in the Result section. The false discovery rate (FDR) correction for multiple testing under dependency [@pone.0039906-Benjamini1] has been applied, when appropriate.

Results {#s3}
=======

Sensory abnormalities {#s3a}
---------------------

The mean SSP scores for ASD and typical control children are summarized in [table 2](#pone-0039906-t002){ref-type="table"}. The ASD children scored lower on the SSP-*total*, as well as on all its sections, except the Movement Sensitivity. According to the formal cut-off for the total SSP score, none of the 14 ASD children performed in the normal range, 3 children had 'probable sensory differences' and 11 had 'definite differences'. In the control group three children had 'definite differences' and two children -- 'probable differences'. The rest performed within the normal range.

10.1371/journal.pone.0039906.t002

###### Short Sensory Profile results.

![](pone.0039906.t002){#pone-0039906-t002-2}

  Section                              ASD mean (SD), N = 14   Typical mean (SD), N = 15                   *F*
  ----------------------------------- ----------------------- --------------------------- --------------------------------------
  *Tactile Sensitivity*                     27.7 (4.6)                31.4 (2.0)           7.9[\*](#nt102){ref-type="table-fn"}
  *Taste*                                   12.1 (5.5)                16.2 (3.3)           6.0[\*](#nt102){ref-type="table-fn"}
  *Movement Sensitivity*                    12.6 (2.1)                13.4 (3.0)                         0.6, ns
  *Underresponsive/Seeks Sensation*         21.2 (4.9)                28.6 (4.5)                         17.8\*\*
  *Auditory Filtering*                      18.4 (5.6)                23.0 (4.7)           5.7[\*](#nt102){ref-type="table-fn"}
  *Low Energy/Weak*                         16.8 (5.6)                25.7 (3.6)                        26.5\*\*\*
  *Visual/Auditory Sensitivity*             18.1 (4.6)                22.1 (1.9)                         8.5\*\*
  *SSP-total*                              126.9 (20.6)              160.4 (15.1)                       25.1\*\*\*

p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001, FDR corrected.

[Table 3](#pone-0039906-t003){ref-type="table"} shows differences between ASD and typical children in auditory behavior during early life. The total score composed of all these items most reliably differentiated between the groups. Five of the ASD children had the total scores (30 to 58) exceeding the maximal score in the typical sample (24). Analysis of separate items listed in [table 3](#pone-0039906-t003){ref-type="table"} has shown that difference between these five children and the rest of the ASD group was due to their higher sensitivity to sound. They were more likely then the other ASD children to *react strongly to sound regardless of level* (Q3) (Mann-Whitney U Test, Z = 2.9, p\<0.01, uncorrected), *put fingers in the ears* (Q4) (Z = 2.4, p\<0.02, uncorrected), and *react as though certain sounds were painful* (Q6) (Z = 1.7, p = 0.08, uncorrected), but did not differ on the other items (Q1, Q2, Q5, all p\>0.16, uncorrected). The five children with highest 'total auditory abnormality' scores also had the highest 'auditory sensitivity' score, composed of items Q3, Q4, and Q6 (range 15--30 in these five ASD children vs 3--12 in the rest of the ASD group). The five children with marked auditory modulation difficulties did not significantly differ from the rest of the ASD sample in terms of age (high total score: 115 months, low total score: 134 months, t = −1.2, p = 0.24), general IQ (98 vs. 86, t = 1.3, p = 0.37) or AQ (83 vs. 89, t = −1.0, p = 0.34).

10.1371/journal.pone.0039906.t003

###### Atypical auditory behavior during the 1^st^ two years of life: the mean and the range of the scores. Questions are adapted form Dahlgren & Gillberg (1998).

![](pone.0039906.t003){#pone-0039906-t003-3}

  Question                                                               ASD                  TYP                           *Z*
  -------------------------------------------------------------- -------------------- ------------------- ---------------------------------------
  *Q1. He showed strange reactions to sound*                         5.6 (1--10)          1.9 (1--7)       −2.5[\*](#nt103){ref-type="table-fn"}
  *Q2. A hearing deficit/deafness was suspected*                      4.1(1--10)           1 (1--1)                        −2.0
  *Q3. He reacted strongly to sound, regardless of level*            4.8 (1--10)          2.1 (1--9)                       −1.8
  *Q4. He would often put his fingers in his ears*                   3.1 (1--10)          1.2 (1--3)                       −0.9
  *Q5. He sometimes reacted strongly to barely audible sounds*       3.0 (1--10)          1.3 (1--5)                       −1.4
  *Q6. He reacted as though certain sounds were painful*             4.0 (1--10)          1.5 (1--8)                       −1.7
  *Total auditory abnormality score*                              *24.5* (*6*--*58*)   *9.0* (*6*--*24*)                 −3.5\*\*

2-tailed Mann-Whitney U test. \* p\<0.05, \*\*p\<0.01, FDR corrected.

P100m {#s3b}
-----

[Figure 2](#pone-0039906-g002){ref-type="fig"} displays source localization of the P100m based on the group-average of the absolute dSPM values for the first binaural click. [Figure 1(B)](#pone-0039906-g001){ref-type="fig"} shows the group average MNE time-courses in the left and right ROIs in the ASD and typically developing children.

![Source localization of the P100m in response to the first binaural click in a pair: group average absolute dSPM values at the component\'s peak.](pone.0039906.g002){#pone-0039906-g002}

Individual P100m peaks in response to both clicks (S1, S2) in both hemispheres were detected in 13 typically developing (mean age 127 months) and 12 ASD (mean age 131 months) subjects. A full-design ANOVA performed in these 25 subjects revealed no significant effects for the P100m latency (96 ms in control subjects and 99 ms in subjects with ASD).

The individual amplitude scores in the two hemispheres are presented in [figure 3](#pone-0039906-g003){ref-type="fig"}. For P100m amplitude an ANOVA with factors Group, Stimulus Order and Hemisphere showed significant effect of the Stimulus Order (F~(1,27)~ = 46.7, p\<0.0001), reflecting strong reduction of the P100m upon stimulus repetition. There was also significant Group\*Hemisphere interaction (F~(1,27)~ = 4.9, p\<0.05), which is visualized in [figure 4](#pone-0039906-g004){ref-type="fig"}. The typically developing children had higher P100m amplitude in the RH than in the LH (F~(1,27)~ = 7.9, p\<0.01), while no hemispheric lateralization was found in the ASD group (F~(1,27)~ = 0.08, p = 0.8). The ASD children tended to have lower P100m amplitudes in the RH than the control children (F~(1,27)~ = 2.9, p = 0.1), while no group differences were found in the LH (F~(1,27)~ = 0.18, p = 0.7). In general this result suggests that the ASD children have atypical P100m lateralization in response to clicks.

![Individual P100m amplitude values in the typically developing ('TYP', 1^st^ column) and ASD (2^nd^ column) children in response to the 1^st^ ('S1', 1^st^ row) and second ('S2', 2^nd^ row) clicks in a pair.](pone.0039906.g003){#pone-0039906-g003}

![Group and hemispheric differences in the P100m amplitude in response to binaural clicks. \*p\<0.05, \#p = 0.1. Vertical spreads denote 0.95 confidence intervals.](pone.0039906.g004){#pone-0039906-g004}

P100m hemispheric lateralization and behavior in the ASD children {#s3c}
-----------------------------------------------------------------

Taking into account that no significant Group x Stimulus Order or Group x Stimulus Order x Hemisphere interactions were found, we further analyzed only P100m responses to the first binaural click, because of its higher amplitude and better signal-to-noise ratio. [Table 4](#pone-0039906-t004){ref-type="table"} shows correlation of P100m lateralization parameters with psychological variables and age in the ASD group. The P100m lateralization was calculated according to the formula: (RH−LH)/\*(RH+LH).

10.1371/journal.pone.0039906.t004

###### Correlations between P100m lateralization score and behavioral variables and age in the ASD children.

![](pone.0039906.t004){#pone-0039906-t004-4}

                           Age    IQ    AQ                   SSP-*total*
  ----------------------- ----- ------ ----- -------------------------------------------
  (*RH−LH*)*/*(*RH+LH*)    .05   −.43   .13   **.65** [\*](#nt104){ref-type="table-fn"}

p\<0.05

The correlation of P100m inter-hemispheric asymmetry with SSP scores indicates less-rightward/more-leftward P100m lateralization in the ASD children with higher degree of sensory problems ([Tab. 4](#pone-0039906-t004){ref-type="table"}). Correlations of the total SSP scores with either right or left P100m amplitude did not reach the significance level (Right: R = 0.46, p = 0.09; Left: R = −0.52, p = 0.053). Analysis of the separate SSP sections revealed significant correlation of the P100m asymmetry scores with Taste/Smell (R = 0.65, p\<0.05, uncorrected), Movement Sensitivity (R = 0.54, p\<0.05, uncorrected), and Low Energy/Weak (R = 0.56, p\<0.05, uncorrected) sections.

No significant correlations between P100m lateralization scores and behavioral measures or age were found in the typically developing group.

Next, we investigated relation between presence of considerable auditory modulation difficulties during the first two years of life and the P100m amplitude and lateralization in ASD children. We divided ASD children into two groups. The first group included five subjects who scored over maximal control group value on the total auditory abnormalities during first years of life (total scores were between 30 and 58). The rest of the ASD group (9 children) had no or less severe auditory modulation difficulties (total scores of 24 or below). Taking into account small and unequal sample sizes, we applied nonparametric Kruskal--Wallis one-way analysis of variance to test for the main effect of group. The main effect was significant (H ~(2,\ N = 29)~  = 6.7 p\<0.05) and we further applied the Mann-Whitney test to compare the 'atypical auditory sensitivity group' with the rest of the ASD sample, as well as with the typically developing children. The results of this comparison are plotted in [figure 5](#pone-0039906-g005){ref-type="fig"} (A). ASD children with marked auditory modulation difficulties had more leftward-lateralized P100m than control children (Z = 2.5, p\<0.05) or the ASD children without such difficulties (Z = 2.1, p\<0.05). Further analysis has shown that the differences were mainly due to their higher P100m amplitude in the left hemisphere than in either control children (Z = −2.0, p = 0.05) or the ASD children without prominent auditory modulation difficulties (Z = −2.2, p\<0.05), [Fig. 5](#pone-0039906-g005){ref-type="fig"} (B).

![Comparison of the ASD children who experienced prominent auditory sensory modulation difficulties during the first two years of life (ASD+), with the ASD children with no or less prominent difficulties (ASD−), and typically developing control children.\
(A) The P100m lateralization. (B) Left and right P100m amplitude in response to the 1^st^ binaural click. \*p\<0.05, \#p = 0.053, Mann-Whitney U test, 2-tailed. Vertical spreads denote 0.95 confidence intervals.](pone.0039906.g005){#pone-0039906-g005}

Discussion {#s4}
==========

This study demonstrates in ASD children atypical lateralization of the P100m component of the auditory field response to binaural clicks, and a tendency for its reduction in the RH. The atypical P100m lateralization correlated with presence of sensory modulation difficulties in ASD children. The small size of the ASD sample that included children with autism, PDD-NOS and Asperger syndrome, demands caution while interpreting these results. On the other hand, correlation of the P100m abnormalities with behavioral problems indicates that the atypical P100m lateralization may represent an important feature of the ASD phenotype.

P100m abnormalities in the ASD children {#s4a}
---------------------------------------

The present study partly reproduced results of our previous EEG study in young children with and without autism [@pone.0039906-Orekhova1]. Similarly to the previous EEG study, the present MEG study also revealed reduced lateralization of the cortical auditory response to binaural clicks and a tendency for the response reduction in the RH in ASD children.

The P100m response to binaural clicks was rightward lateralized in the typically developing children ([Fig. 3](#pone-0039906-g003){ref-type="fig"}, see also [Fig. 2](#pone-0039906-g002){ref-type="fig"}). We are not aware about other studies investigated hemispheric asymmetry of P100 or P100m to clicks in children. Therefore, the present results need replication by independent studies. At the same time, there is indirect evidence suggesting that the rightward hemispheric asymmetry of the auditory responses to certain types of auditory stimuli is a 'normal' finding. Specifically, the rightward lateralization in children has been previously found for the 'radial' component Tb in response to either clicks [@pone.0039906-Orekhova1] or tones with sharp ramps [@pone.0039906-Bishop1]. The rightward lateralization of the midlatency component P50 to clicks has been reported in a few 'sensory gating' studies in adults [@pone.0039906-Huang1]--[@pone.0039906-Weiland1]. The rightward amplitude and/or latency predominance of the N100(m) response to clicks and other auditory stimuli with sharp ramps has also been previously reported in adults in the EEG and MEG studies [@pone.0039906-Howard1], [@pone.0039906-Blumenfeld1], [@pone.0039906-Hine1]. Importantly, the generally higher amplitude of N1 to clicks in the right vs left hemisphere have been observed even in intracranial records [@pone.0039906-Boutros1], suggesting functional rather than structural origin of this lateralization. The rightward lateralization effects may reflect greater RH involvement in such functions as stimulus-driven attention orienting, gating of conscious awareness of sounds, and processing of sound location [@pone.0039906-Howard2]. The abnormal P100m lateralization in the ASD children with the tendency for decreased P100m amplitude in the RH may relate to abnormality of some of these normally right-lateralized functions.

The child P1 (P100m) is thought to reflect recurrent activation in primary and secondary auditory cortical areas [@pone.0039906-Kral1]. Apart from specific auditory thalamic input the auditory cortical areas receive input from the nonspecific multisensory thalamic nuclei and medial pulvinar [@pone.0039906-Budinger1]--[@pone.0039906-Romanski1]. These nonspecific pathways are involved in arousal, spatial orienting and attention processes. It is likely that P100m is affected by these nonspecific influences. The strong habituation of this component upon stimulus repetition observed in our study provides indirect support for this view.

The role of modality nonspecific influences on generation of mid-latency positive components is also supported by pharmacological studies in human adults [@pone.0039906-Buchwald2] and lesion studies in cats [@pone.0039906-Harrison2], which suggest that reticular activation strongly modulates the P1 component of human ERP or its animal analog 'wave A'. Interestingly, Buchwald et al [@pone.0039906-Buchwald1] reported decreased amplitude of the 'vertex-positive' P1 response to clicks in adults with high-functioning autism and proposed that the P1 reduction in autism reflects dysfunction of subcortical RAS system or of its cortical targets.

Taking into account the probable relation between P100m and RAS, the atypical P100m lateralization and the tendency for P100m reduction in the right hemisphere in ASD subjects may reflect abnormal preattentive arousal provoked by an abrupt sound. The fMRI studies suggest that, irrespective of stimulus modality, there seems to exist a mostly right-hemispheric cortical, thalamic, and brain-stem network which is coactivated by alerting and orienting attentional demands [@pone.0039906-Sturm1]. Conceivably, the hemispheric balance of the activation is disturbed in ASD at the preattentive stage of the auditory processing, mainly due to reduced activation in the right hemisphere.

What brain pathology underlies P100m abnormalities in ASD? Although the present study does not allow conclusions about origins of the observed P100m abnormalities, some speculations are possible.

Hypoperfusion in temporal lobes, including superior temporal cortex, has been found in approximately 75 percent (25/33) of children with autism [@pone.0039906-Zilbovicius1]. Interestingly, analysis of individual results in the study of Zilbovicius et al (2000) revealed that the hypoperfusion was either bilateral (in 9 subjects) or located in the right hemisphere (in 16 subjects). The finding of predominantly rightward temporal hypoperfusion in autism may be related to the right-hemispheric P100m reduction in ASD in the present study.

The role of subcortical structures, such as brainstem and thalamus is also plausible. A contribution of brainstem pathology to both sensory and social symptoms of autism has been proposed long ago by Ornitz [@pone.0039906-Ornitz1]. Correlations between reduced brain stem gray matter volume and sensory modulation difficulties has recently been found in children with autism [@pone.0039906-Jou1]. The other candidate structure is the thalamus. Thalamus is the main relay hub between subcortical structures and the cerebral cortex that conveys specific sensory modality information as well as 'nonspecific' influences from the reticular formation. Multiple studies have reported on thalamic abnormalities in autism and ASD [@pone.0039906-Friedman1]--[@pone.0039906-Waiter1]. Hardan and colleagues reported some correlations between altered thalamic metabolism and sensory modulation difficulties in children with autism [@pone.0039906-Hardan3]. Interestingly, nicotinic abnormalities were found in adults with autism that were limited to 'nonspecific' midline thalamic nuclei innervated by the reticular formation [@pone.0039906-Ray1]. A recent diffusion tensor imaging study [@pone.0039906-Cheon1] found decreased fractional anisotropy in the anterior thalamic radiation (ATR) in high-functioning boys with ASD. ART connect 'nonspecific' mediodorsal and anterior thalamic nuclei with the frontal and the anterior cingulate cortices. Noteworthy, greater severity of autism symptoms in the study of Cheon et al correlated with decreased fractional anisotropy in ATR of the RH, suggesting a role for 'nonspecific' right thalamo-cortical projections in autism symptomatology.

The role of ISIs {#s4b}
----------------

Unlike our previous study [@pone.0039906-Orekhova1], the present study did not provide evidence for a role of temporal novelty (long ISIs) in the normal rightward lateralization of the auditory response, or in its RH reduction in children with autism. There may be at least two reasons for this discrepancy. *First*, these ISI effects may be specific for the radial N1c (Tb) sources situated at the lateral surface of the temporal lobe [@pone.0039906-Ponton1] and not detected in our MEG study. *Second*, a phase cancellation of the P100(m) by the emerging N100(m) in the older children in the present study could be a confounding factor [@pone.0039906-Ponton1], [@pone.0039906-Eggermont1]. Both lateralization of P100(m) and its putative modulation by ISIs could possibly be better detected in younger children who have not yet started developing the N100(m) component of the opposite polarity.

P100m and sensory abnormalities in the ASD children {#s4c}
---------------------------------------------------

The ASD children in our study had sensory modulation difficulties in different sensory domains ([Tab. 2](#pone-0039906-t002){ref-type="table"}), that agree with results of many behavioral studies in ASD [@pone.0039906-BenSasson1]--[@pone.0039906-Liss1], [@pone.0039906-Tomchek1]--[@pone.0039906-Kern1]. The ASD children also had sensory modulation difficulties in the auditory domain during early life ([Tab. 3](#pone-0039906-t003){ref-type="table"}).

The lack of normal rightward lateralization of P100m in ASD children was related to greater severity of sensory modulation abnormalities across different sensory domains, as indicated by correlation of the P100m hemispheric asymmetry with the total SSP score ([Tab. 4](#pone-0039906-t004){ref-type="table"}). It was also related to the presence of early auditory sensory modulation difficulties ([Fig. 4](#pone-0039906-g004){ref-type="fig"} B). It has been proposed that the RH is dominant for rapid, global and rough detection of stimuli, as well as rapid transfer of the information to the LH for more detailed processing [@pone.0039906-OkonSinger1]. It is conceivable that dysfunction of these processes in the RH and greater reliance on a 'non-optimal' LH during early processing of some stimulation features may contribute to sensory abnormalities observed in ASD.

Interestingly, the five ASD children who had marked auditory modulation difficulties during early life had higher P100m amplitude in the LH than either ASD children with no/less prominent difficulties or typically developing children, while no such differences were found in their RH ([Fig. 5](#pone-0039906-g005){ref-type="fig"} B). It seems that heightened sensitivity to sound observed in these children was reflected in relatively increased processing in the LH only.

Limitations {#s4d}
-----------

There are a few limitation of the present study. The obvious one is the small number of subjects. Reproduction of the finding in a greater sample is needed to draw firm conclusions about behavioral correlates of the P100m abnormalities in ASD children. Future studies should also consider investigation of more homogeneous age groups. Investigation of younger children (before 9 years of age) would preclude possible cancellation of the P100m by a developing N100m wave and could appear especially informative. Investigation of other control groups, such as children with sensory modulation difficulties without autism, would help to assess specificity of the present findings for ASD individuals. Last, we would like to stress that we did not aim to localize sources of the observed P100m effects with high precision, since the MNE/dSPM method has known localization bias [@pone.0039906-Hauk1].

Conclusions {#s4e}
-----------

In conclusion, our results suggest that amplitude of the P100m response to clicks, and abnormal P100m hemispheric lateralization, are related to sensory behavioral abnormalities in the ASD children. We propose that the P100m component in responses to clicks may provide a valuable indicator of pre-attentive arousal disturbances in ASD children, especially in young children, in whom P100m is the dominating early component of the auditory response.

Supporting Information {#s5}
======================

###### 

**Response to the first binaural click in one typically developing 10-years-old boy.** (A) dSPM values (with sign) at the peaks of the P100m and N100m components. The dSPM values greater than 4.03 or lower than −4.03 are significant at p\<0.01 (two-tailed F-test). Different scales were used for P100m and N100m. Red to yellow and blue to light-blue colors correspond to outgoing vs. ingoing currents. Note reversion off current direction between 92 and 134 ms at the superior temporal area (outlined in white). (B) Modeling with a single dipole source, saggital view. Note the top/frontal direction of the P100m and backwards/down direction of the N100m dipole sources. Note that positions and orientations of the dipole sources modeling P100m and N100m currents are similar to those described for P50m (P1m) and N100m in adults (Hanlon et al., 2005). (C) The dSPM time course of one vertex source at the Herschl gyrus.
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Click here for additional data file.

###### 

**The superior temporal regions used to measure P100m latency**. These regions were defined as aggregates of superior temporal sources displaying positive activation in the P100m time range in more than 50% of the subjects. The source was considered activated if it demonstrated significant (p\<0.05) positive dSPM value at some time point within 76--130 ms interval. The mean time courses of MNE current were calculated in these regions and P100m latencies were measured at the left and right peaks in 76--130 ms range.
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Click here for additional data file.
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